Abstract: Hydroxyapatite nanoparticles (HAP-NP) are incorporated in oral care products such as toothpastes and mouthwashes to treat dental sensitivity or to promote enamel remineralisation. Despite the good performance of HAP-NP in this application, it is important to ensure its safety for consumers. For that reason, the Scientific Committee on Consumer Safety (SCCS) evaluated the safety of HAP-NP as an oral care ingredient, but the issued opinion was not completely conclusive and the SCCS recommended that additional tests should be performed. Here, we used a commercially available human gingival epithelium (HGE) as a non-animal alternative and MTT cell viability, LDH activity, and IL-1alpha production were evaluated after 3.1% HAP-NP treatment for 10 min, 1 h, and 3 h. Moreover, the absorption of HAP-NP in the gingival tissue was assessed by transmission electron microscopy (TEM) analysis. Finally, the dissolution behaviour of HAP-NP in simulated gastric fluid was also investigated. No deleterious effect was observed for HGE tissues incubated with HAP-NP for all time-points and parameters evaluated. Moreover, a complete dissolution of 3.1% HAP-NP in simulated gastric fluid was observed after 7.5 min at 37 • C. In conclusion, our results evidence the safety of HAP-NP for oral care products with the use of an in vitro replacement alternative for human gingival epithelium and a simulated gastric fluid assay.
Introduction
Hydroxyapatite is an extensively used calcium phosphate for bone regenerative applications in orthopaedics and dentistry [1] . Hydroxyapatite nanoparticles (HAP-NP) are very similar to natural hydroxyapatite in terms of size and crystal structure, which contributes to their use in oral care treatments [2] . In recent years, HAP-NP have been incorporated in oral care products such as toothpastes and mouthwashes with the aim of treating dental sensitivity by occluding the dentinal tubules that are opened to the dentin surface and connected to the pulp; or with the purpose of promoting enamel remineralisation by replacing calcium and phosphate ions to areas from which minerals have dissolved, restoring its integrity and gloss [2] [3] [4] [5] [6] [7] .
Safety of cosmetic raw materials has to be demonstrated in order to be approved, yet the Cosmetics Directive establishes the prohibition to test finished cosmetic products and cosmetic ingredients on animals [8] . Having this in mind and in order to assess the safety of a toothpaste ingredient, it should be taken into account that the toothpaste will be in contact with gingival tissue only for a short period of time (~2 min per 3 times a day); However, this period could be potentially enough for a mouth cellular uptake. In addition, the ingredient could be swallowed and absorbed through the gastrointestinal track and potentially become systemically available [9] .
To study the biocompatibility of the HAP-NP in human oral gingiva, in vitro 3D histotypic cultures that closely resemble the histology of the native tissue can be used as an animal alternative for cosmetic ingredient testing [10, 11] . In fact, the use of in vitro replacement alternatives for skin corrosion and skin irritation testing using commercialised human skin models has been validated by the Scientific Committee on Consumer Safety (SCCS) [12] .
In the last years, SCCS has drawn the attention to possible emerging public health problems like the incorporation of nanomaterials in cosmetic products. In this situation, the SCCS group of scientific experts investigate and issue official opinions that are determinant to define the EU legislation [13] . Particularly for hydroxyapatite nanoparticles, a safety assessment has been done by the SCCS in 2016, containing an exhaustive bibliographic analysis regarding the toxicological effects of this nanomaterial as a cosmetic ingredient. However, the SCCS opinion about hydroxyapatite nanoparticles was not completely conclusive, since the toxicological effect of nanoparticles may depend on physical aspects such as size and morphology. For that reason, SCCS demands that the toxicological assessment must be performed for each type of nanomaterial individually in order to prove its safety for consumers [14] . Therefore, the aim of the present study was to assess biocompatibility of a specific HAP-NP to clarify the safety of this ingredient for oral care applications. For that purpose, a commercially available human gingival epithelium reconstructed from primary cells [15] was used, and parameters such as MTT cell viability, LDH activity, and IL-1alpha production were evaluated. Moreover, in order to study the possibility that HAP-NP could become systemically available through absorption in the gingival tissue, transmission electron microscopy (TEM) images of the tissue after different exposure times were evaluated. Finally, the dissolution behaviour in simulated gastric fluid was investigated, so as to assess the possibility of absorption through the intestinal cells after accidental ingestion.
Materials and Methods

Materials and Physico-Chemical Characterization
Hydroxyapatite Nanoparticles
The HAP-NP (CAS 12167-74-7, also referred as 1306-06-5) used in this study were obtained from a commercial formulation (nanoXIM ® ) supplied by FLUIDINOVA, S.A. This formulation consisted in a 15.5% hydroxyapatite nanoparticles suspension in water. Depending on the test performed, the nanoparticles were processed accordingly.
Transmission Electron Microscopy
HAP-NP size and morphology was evaluated using transmission electron microscopy (TEM). To perform the analysis, nanoparticles were diluted in ethanol and placed in an ultrasonic bath for 30 min to disperse the particles. Afterwards, the samples were mounted on copper grids coated with a carbon film and dried inside a desiccator. Finally, the nanoparticles were visualized using a Hitachi HD2700 equipment (Hitachi, Tokyo, Japan).
X-ray Diffraction
HAP-NP phase purity was assessed taking into the international standard "ISO 13779-3: Implants for surgery-Hydroxyapatite-Part 3: Chemical analysis and characterization of crystallinity and phase purity". For that purpose, the HAP-NP suspension was dried overnight at 105 • C to remove the water and milled to obtain a fine powder. X-ray diffraction (XRD) analysis was performed using a PANalytical Empyrean diffractometer (Malvern Panalytical, Royston, United Kingdom) with the following set up:
Step scan time of 198.6450 s, step size 2θ of 0.0130 • , and a 2θ range between 27 and 39 • .
Surface Area
The specific surface area of the HAP-NP was analysed using Brunauer-Emmett-Teller (BET) method. For that purpose, the nanoparticles suspension was placed overnight in a drying oven at 105 • C to remove the water and the solid content was milled to obtain a fine powder. Surface area was determined using a Quantachrome NOVA 2000e equipment (Quantachrome Instruments, Boynton Beach, FL, USA) with sample degasification performed at 300 • C during 2 h.
In Vitro Biocompatibility
Reconstructed Human Gingival Epithelium
The SkinEthic™ reconstructed human gingival epithelium (HGE) tissue model (EpiSkin, Lyon, France) was used as in vitro model to perform the biocompatibility and irritation tests. The HGE model is composed of normal human gingival cells cultivated on an inert polycarbonate filter at the air liquid interface in a chemically defined medium. This model is histologically similar to the outer cell layers of the human gum.
Upon arrival, the tissues were processed following the manufacturer protocol. Briefly, the tissues were removed from the agarose-nutrient solution in which they are embedded when shipped and were placed in a plate previously filled with the SkinEthic™ Maintenance Medium (EpiSkin, Lyon, France) at room temperature. The tissues were incubated in a cell incubator at 37 • C, 5% CO 2 , and saturated humidity for 48 h.
Treatment with the Hydroxyapatite Nanoparticles
The maximum incorporation of the HAP-NP aqueous suspension (nanoXIM ® , 15.5 ± 0.5% hydroxyapatite nanoparticles aqueous suspension-FLUIDINOVA, S.A., Maia, Portugal) in a toothpaste is 20%. Considering this, it was decided to prepare a 40% dilution of the HAP-NP aqueous suspension in ultrapure milliQ water (Millipore system, Billerica, MA, USA) and afterwards diluted 1:1 in PBS (phosphate buffered saline), resulting in a final concentration of 20% dilution of the HAP-NP aqueous suspension, which corresponds to 3.1% HAP-NP. As negative control, 1:1 milliQ water dilution in PBS was used and as positive control, a 1% SDS (Sigma-Aldrich, St. Louis, MO, USA) solution was prepared in water and diluted 1:1 in PBS with a final concentration of 0.5% SDS. Volumes of 40 µL of each sample or control were inserted atop of the reconstructed HGE samples and incubated at 37 • C for the different exposure times (10 min, 1 h, and 3 h).
LDH Activity
Lactate dehydrogenase (LDH) activity in the culture media at the end of the incubation period was used as an index of cell death. LDH activity was determined spectrophotometrically after 30 min incubation at 25 • C of 50 µL of culture and 50 µL of the reaction mixture by measuring the oxidation of NADH at 490 nm in the presence of pyruvate, according to the manufacturer's kit instructions (Roche Diagnostics, Mannheim, Germany). Results are presented as percentage of the LDH activity compared to negative control for each time point.
MTT Test
For each of the tested products or controls, at the end of the incubation period, the tissues were rinsed with PBS and placed on 300 µL of 0.5 mg/ml MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide, ThermoFisher Scientific, Waltham MA, USA). After 3 h of incubation at 37 • C and 5% CO 2 , cultures were placed in 2 ml of isopropanol. Extraction was performed overnight at room temperature. Optical density was measured on 200 µL of extracts at 570 nm (reference filter: 690 nm). Results are expressed as percentage of viability compared to negative control for each time point.
IL-1alpha Determination
At the end of the incubation period, media was collected for the determination of IL-1alpha released to the media. The commercially available Human IL-1 alpha ELISA Kit (ThermoFisher Scientific, Waltham, MA, USA) was run according to supplier instructions. Results are expressed in pg of IL-1alpha per ml of culture media for each group at the different time points.
Histology
After incubation period, the tissues were fixed in a balanced 10% formalin solution and later embedded in paraffin. Four micron vertical sections were stained with hematoxylin/eosin and photographed with a microscope. Hematoxylin/eosin results obtained with the test sample were compared to the positive (damaged tissue) and to the negative (regular tissue) control and scored according to the scale showed in Table 1 [10]. For each of the tested products or controls, at the end of the incubation period one culture was fixed in a balanced 2.5% glutaraldehyde solution (Sigma-Aldrich, St. Louis, MO, USA), dehydrated, and later embedded in resin. Vertical sections of 0.3 µm were photographed under a Hitachi H600 TEM microscope (Hitachi, Tokyo, Japan).
HAP-NP Dissolution in Simulated Gastric Fluid
Composition of Simulated Gastric Fluid (SGF)
SGF was prepared according to the United States Pharmacopeia XXII, containing 0.2% (w/v) NaCl (Extrapure, Ph USP grade, Scharlau, Barcelona, Spain) and 0.7% (v/v) HCl 38% (Molecular Biology tested, Sigma-Aldrich, St. Louis, MO, USA) in ultrapure milliQ water (Millipore system, Billerica, MA, USA). The pH of the SGF solution was 1.2. The SGF did not contain pepsin since it does not play an active role in the solubilisation of the HAP-NP. The SGF solution was filtered through a 0.2 µm pore syringe membrane before the incubation with hydroxyapatite nanoparticles (HAP-NP).
Calcium Content in the Digestion Media
According to the SCCS Notes [12] , the maximum daily exposure for a mouthwash is 2.16 g per day and the maximum daily exposure for a toothpaste is 0.138 g per day. Thus, the stability in SGF was evaluated considering the maximum exposure, which corresponds to the mouthwash. Moreover, the maximum incorporation of the HAP-NP aqueous suspension in a mouthwash is 10% according to the supplier. To significantly increase the safe margin of this test, it was assumed twice that concentration, which is 20% dilution of HAP-NP aqueous suspension (3.1% HAP-NP). Therefore, a 2.16 g solution containing 3.1% HAP-NP in pure water was added to 250 ml of SGF, following the recommendations of the FDA for the Dissolution Testing of Immediate Release Solid Oral Dosage Forms [16] .
Digestions were carried out in a closed flask with a magnetic stirrer at 100 rpm on a heating plate with temperature control at 37 • C, using a Sensoterm II temperature gauge in a thermostatic bath (JP Selecta, Barcelona, Spain). Samples were incubated for 7.5, 15, or 30 min. After incubation, three aliquots of 2 mL were taken and immediately centrifuged at 20,000× g for 30 min at 25 • C in an Eppendorf centrifuge 5804R (Eppendorf, Hamburg, Germany). Volumes of 1 mL of the supernatants were diluted to a final volume of 5 ml in HNO 3 2% (v/v).
The Ca 2+ concentration in the digestion media was determined by Inductively Coupled Plasma-Atomic Emission Spectroscopy (ICP-AES) (Optima 5300 DV, PerkinElmer, MA, USA). A standard curve was obtained from Ca 2+ standard solutions in HNO 3 2%. Blank samples containing SGF were also analysed and their mean intensity was subtracted from the sample values.
Statistics
All data are presented as mean values ± SEM. The Kolmogorov-Smirnov test was done to assume parametric or non-parametric distributions for the normality tests. Differences between groups were assessed by Student t-test in case of normal distribution or Mann-Whitney test in case of non-normal distribution. Results were considered statistically significant at p-values < 0.05. SPSS ® program for Windows (SPSS Inc, version 17.0, Chicago, IL, USA) was used.
Results
Hydroxyapatite Nanoparticles Physico-Chemical Characterization
Size and morphology of the hydroxyapatite nanoparticles was investigated using TEM ( Figure 1A ). As it can be observed, the hydroxyapatite nanoparticles used in this study possess a rod-like morphology and a particle size <100 nm. Particularly, the HAP-NP morphology show a width between 5-20 nm (typically close to 10 nm) and length bellow 50 nm (typically between 20 to 40 nm). 
Biocompatibility of Hydroxyapatite Nanoparticles
The LDH assay was used as an indicator of cytotoxicity, as this enzyme leaks out through the plasma membrane of damaged cells. As shown in Figure 2A , 3.1% HAP-NP did not induce cytotoxicity in HGE tissues at any of the incubation times evaluated. It was also observed that positive control only showed cytotoxicity after 3 h of incubation. XRD was performed to evaluate the phase composition of the hydroxyapatite nanoparticles. As it can be observed in Figure 1B , the hydroxyapatite was phase pure as the spectrum obtained does not show any unexpected phases. Namely, the peaks positions are in accordance with the ISO standard 13779-3 requirements, as hydroxyapatite is distinguishable by peaks 202, 210, and 211 matched by JCPDS 9-432 file.
Finally, the specific surface area of the hydroxyapatite nanoparticles was evaluated with BET method and the obtained value was 103 m 2 /g.
The LDH assay was used as an indicator of cytotoxicity, as this enzyme leaks out through the plasma membrane of damaged cells. As shown in Figure 2A , 3.1% HAP-NP did not induce cytotoxicity in HGE tissues at any of the incubation times evaluated. It was also observed that positive control only showed cytotoxicity after 3 h of incubation. 
The LDH assay was used as an indicator of cytotoxicity, as this enzyme leaks out through the plasma membrane of damaged cells. As shown in Figure 2A , 3.1% HAP-NP did not induce cytotoxicity in HGE tissues at any of the incubation times evaluated. It was also observed that positive control only showed cytotoxicity after 3 h of incubation. The MTT assay was used as a marker of cell viability, as it measures the MTT reduction by mitochondrial reductase enzymes. As shown in Figure 2B , 3.1% HAP-NP showed no effect on cell viability at any of the incubation times tested. Similar to the cytotoxicity results, no significant deleterious effect was observed the positive control on the HGE tissue.
The release of IL-1alpha was measured as an indicator of acute irritation in reconstructed human epidermis [17] . As it can be observed in Figure 2C , this test revealed higher values for the positive control that were increased over time. Significant differences comparing the positive control to the rest of groups were observed after 3 h. The concentration of 3.1% HAP-NP showed similar values to the negative control indicating the absence of acute irritation.
Histologycal Results and TEM Observation
In agreement with the cytotoxicity and IL-1alpha levels results, there was no sign of tissue changes ( Figure 3 and Table 2 ) after incubation with the negative control and the 3.1% HAP-NP solution. Tissue changes were only observed after treatment with the positive control SDS 0.5% after 1 and 3 h of exposure. The MTT assay was used as a marker of cell viability, as it measures the MTT reduction by mitochondrial reductase enzymes. As shown in Figure 2B , 3.1% HAP-NP showed no effect on cell viability at any of the incubation times tested. Similar to the cytotoxicity results, no significant deleterious effect was observed the positive control on the HGE tissue.
In agreement with the cytotoxicity and IL-1alpha levels results, there was no sign of tissue changes ( Figure 3 and Table 2 ) after incubation with the negative control and the 3.1% HAP-NP solution. Tissue changes were only observed after treatment with the positive control SDS 0.5% after 1 and 3 h of exposure. Figure 4) . None of the sections analysed contained cells with nanoparticles internalized. Some nanoparticles were observed outside the most superficial cell layer in the HGE samples treated with 3.1% HAP-NP after 1 h of exposure, which is more likely to be related with insufficient washing after treatment for this time point, since the same did not happened for a longer exposure time of 3 h. TEM analysis (Figure 4 ) verified the absence of HAP-NP nanoparticles internalized into the cells after treatment in any of the cell layers (only the superficial layer is shown in Figure 4) . None of the sections analysed contained cells with nanoparticles internalized. Some nanoparticles were observed outside the most superficial cell layer in the HGE samples treated with 3.1% HAP-NP after 1 h of exposure, which is more likely to be related with insufficient washing after treatment for this time point, since the same did not happened for a longer exposure time of 3 h. Table 3 shows the calcium concentration determined by ICP-AES in the digestion media for 3.1% HAP-NP after 7.5, 15, and 30 min at 37 °C. The maximum Ca 2+ concentration in the digestion fluid was calculated in order to evaluate the results obtained. Thus, if the total amount of hydroxyapatite nanoparticles were dissolved during the digestion, the concentration of Ca 2+ ions in the digestion medium would be of 103 mg Ca 2+ /L for an initial concentration of 3.1% HAP-NP. Figure 5 shows the amount of Ca 2+ released to the media in relation with the maximum concentration expected.
Calcium Content in the Digestion Media
As the Table 3 and Figure 5 show, the concentration of Ca 2+ in the digestion fluid was similar to the maximum Ca 2+ concentration expected at all time-points. Thus, the totality of HAP-NP was dissolved in the SGF at 7.5 min of incubation at 37 °C. Moreover, it should be highlighted that when diluting the HAP-NP suspension into the SGF at 37 °C, all the solution was immediately clear and no particles could be observed. Additionally, after the centrifugation, there was no sediment observed, which reinforces that 3.1% HAP-NP was fully dissolved in the SGF for all the time points tested. Table 3 shows the calcium concentration determined by ICP-AES in the digestion media for 3.1% HAP-NP after 7.5, 15, and 30 min at 37 • C. The maximum Ca 2+ concentration in the digestion fluid was calculated in order to evaluate the results obtained. Thus, if the total amount of hydroxyapatite nanoparticles were dissolved during the digestion, the concentration of Ca 2+ ions in the digestion medium would be of 103 mg Ca 2+ /L for an initial concentration of 3.1% HAP-NP. Figure 5 shows the amount of Ca 2+ released to the media in relation with the maximum concentration expected. 
Discussion
The present study evidences the safety of the tested HAP-NP aqueous suspension nanoparticles for oral care products, showing no deleterious effect on HGE tissues and a complete dissolution in simulated gastric fluid. All the tests performed were designed to comply with the European policy As the Table 3 and Figure 5 show, the concentration of Ca 2+ in the digestion fluid was similar to the maximum Ca 2+ concentration expected at all time-points. Thus, the totality of HAP-NP was dissolved in the SGF at 7.5 min of incubation at 37 • C. Moreover, it should be highlighted that when diluting the HAP-NP suspension into the SGF at 37 • C, all the solution was immediately clear and no particles could be observed. Additionally, after the centrifugation, there was no sediment observed, which reinforces that 3.1% HAP-NP was fully dissolved in the SGF for all the time points tested.
The present study evidences the safety of the tested HAP-NP aqueous suspension nanoparticles for oral care products, showing no deleterious effect on HGE tissues and a complete dissolution in simulated gastric fluid. All the tests performed were designed to comply with the European policy of non-animal testing for cosmetics safety assessment. A three-dimensional in vitro replacement alternative that resembles human gingival epithelium was used to demonstrate the safety of these HAP-NP for use in oral care products. Cell viability (MTT), cell toxicity (LDH activity), and the pro-inflammatory response (IL-1alpha) induced by a 3.1% HAP-NP at different time points were assessed.
Hydroxyapatite nanoparticles have been incorporated in different commercial oral care products [4, 18, 19] and according to the manufacturer, the maximum incorporation of this 15.5% HAP-NP aqueous suspension oral care ingredient in a toothpaste is 20% and in a mouthwash is 10%. Considering this, it was decided to test a final concentration of 20% dilution of the HAP-NP aqueous suspension, which corresponds to 3.1% HAP-NP. As regards to the exposure time, taking into account that the recommended as well as applied average time for tooth brushing is 2 min [20, 21] , considerable longer exposure times were evaluated, namely 10 min, 1 h, and 3 h to ensure that the HAP-NP would be safe on this application even with much longer contact times than the expected.
Both cell viability and cytotoxicity tests showed that exposure to 3.1% HAP-NP for up to 3 h is safe. To the best of our knowledge, this is the first study evaluating the safety of HAP-NP in HGE. A safety assessment using mucosa-like human corneal epithelial (HCE) tissue model-using human corneal keratinocytes-has also demonstrated similar results, with a lack of cytotoxicity and no changes in IL-1 alpha release [22] . Usually, safety studies are performed using 2D cell culture models, such as human buccal epithelial cells [23] , 3T3 fibroblasts [22] on osteoblast-like cells [24] using different crystallographic nature of the HAP-NP, which can induce different cell responses, as reviewed by Epple [25] .
The lack of effect in cell viability induced by the positive control can be explained by the relatively low SDS concentration used in this assay, evidencing the low sensitivity of HGE tissue particularly for MTT test, as reported by others [10] . This probably happens due to the keratinized external layer of this tissue and/or to the relatively low SDS concentration (0.5%) used in this assay. This concentration was selected as is routinely used in this kind of tests in 3D in vitro models and works well for oral epithelium [10] , which lacks the protection to the detergent given by the keratinized external layer. However, although no deleterious effect induced by the positive control could be observed by the MTT test, higher cytotoxicity determined by LDH activity and higher IL-1alpha levels were found. IL-1 cytokines are one of the primary initiators of the dermal pro-inflammatory response and are well-known indicators of acute irritation in reconstructed human epidermis [17] . In fact, IL-1alpha has been proposed by the SCCS [12] as a second endpoint in order to obtain better sensitivity. Thus, after 3 h of exposure, 0.5% SDS treatment induced a significantly higher release of IL-1alpha compared to the negative control (10-fold increase) and to the HAP-NP test solution. These results are in agreement with previous observations [26] , showing that elevated levels of IL-1alpha could be detected without any detectable decrease in cell viability in response to endoplasmic reticulum stress.
To test the possibility of cellular uptake of the HAP-NP, two different tests were performed. The first test evaluated the presence or absence of HAP-NP in the gingival mucosa by observation with TEM. Our results confirmed that at the concentrations evaluated and during the exposure times tested there are no cellular uptake by HGE. The second test was performed in case of accidental swallowing and consequent uptake in other zones of the digestive tract. For that purpose, 3.1% HAP-NP suspension was added to SGF to evaluate the gastric dissolution following the recommendations of the FDA [16] and the exposure doses referred in the SCCS Notes [12] .
According to FDA guidelines, a conservative conclusion is that a product undergoing 85% dissolution in 15 min under mild dissolution conditions in 0.1 N HCl behaves like a solution and generally should not have any bioavailability problems [16] . In this work, it was proved that the 3.1% HAP-NP suspension was fully dissolved in half of this time (Table 3 and Figure 5 ). This test was done considering the double of the maximum daily concentration of HAP-NP used in a mouthwash in a single ingestion, which is the worst scenario of exposure and ingestion if compared to a toothpaste [12] . Additionally, it should be highlighted that once the HAP-NP 3.1% suspension (an opaque suspension) is added to the SGF, the dissolution is almost instantaneous leading to a clear solution without any observation of the opacity caused by the HAP-NP particles suspension. This reinforces the conclusion about the safety of the HAP-NP in the case of ingestion, since it will dissolve instantaneously in its Ca 2+ and PO 4 2− ions, in agreement with the Epple's statement that rules out any adverse health effect by an oral exposition to calcium phosphate [25] . Therefore, the possibility of HAP-NP absorption by intestinal cells after accidental ingestion was also discarded.
Conclusions
In this study, the characterization and safety assessment was performed taking into consideration the SCCS opinion on hydroxyapatite nanomaterial. Our results evidence the safety of the HAP-NP aqueous suspension for oral care products with the use of an in vitro replacement alternative for human gingival epithelium and a simulated gastric fluid assay.
